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Abstract  
This document describes the procedure for the sensor-sensor metrology. The metrology  measures 
the relative position of the phi-sensor relative to the r-sensor on the hybrid. 
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1. Introduction 
This document describes the procedure for the sensor-sensor metrology for the LHCb VELO sensors. 
[1] The metrology will measure the position of the phi-sensor relative to the r-sensor on the hybrid.[2] 
Additional measurements are also done which can be used to extract information on the sensor profiles 
and hybrid twist. The final section of the document summarizes and analyses the data taken. 
2. Set-up 
Three important pieces of equipment are required.  
2.1. Smartscope 
The SmartScope is the metrology equipment and comprises a computer-controlled camera mounted on a 
microscope which can be moved in two orthogonal directions (x and z) above a stage which can move 
in a third orthogonal direction (y). The whole system is mounted on a granite block for stability. 
Accuracy is about 5 microns. 
   The computer measures features on devices mounted on the stage. To measure features in the z 
direction it moves the z stage until it obtains the maximum contrast in the image from the video camera. 
To measure in the x and y direction it looks for edges (changes in brightness). 
   The magnification of the microscope can be changed from about 50x to about 550x; the intensity of 
illumination can be varied over a wide range; and the direction of illumination can be altered from 
backlighting, to oblique lighting, to many patterns of ring lighting. All adjustments are under computer 
control and they can also be made by the operator. 
   Usually the SmartScope is driven from one of a suite of programmes using standard metrology 
software running under Windows to perform automatic skew alignment, plus measurement of distance, 
radius, diameter, roundness, and angle. Data are recorded on disc for further analysis. 
2.2. Graticules 
The Graticules are 2mm diameter x 0.53mm thick Gold disks with a 20um diameter hole through the 
middle1. The disks are mounted into a small brass plate and the plate glued to a male connector, similar 
to those used on the ground strip, with the hole in the disk visible from each sides of the connector. 
One of these connectors is then plugged in to each of the female ground connectors on the hybrid. This 
provides a reference system visible from either side of the module and allows for the correlation of data 
taken from one side with data taken on the other and hence a measurement of the sensor-sensor 
alignment after the sensors have been glued to the hybrid.[3]. 
 
 Figure 1: Graticule mounted on edge of hybrid via connector. 
 
1
 Graticule supplied by Electron Microscopy Sciences, P.O. Box 550, 1560 
Industry Road, Hatfield, PA 19440, USA. Catalogue No: - 42020-Au 
 
VELO Module Production – Sensor to Sensor Metrology Reference:  LHCb 2007-085 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  19th September 2007 
Procedure 
 
page  2 
2.3. Mounting Jig 
The hybrid with sensor attached is a delicate object that requires careful handling. A mounting jig is 
therefore used to hold it in position on the Smartscope as shown in                Figure 3. 
3. Procedure 
Open the Measure-X program (if not already open) located on the desktop. The front panel is shown in 
Figure 2. The program will go through a homing routine for the stages. Follow the instructions on 
screen 
 
Figure 2: The Measure-X display. Press the folder button, A, to open a routine, 
and then press button B to start the routine. A new display will open on the 
bottom right side of the screen. Press OK button, C, to start the measurements. 
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Mount the hybrid in its frame, and put it on the smart scope jig with the R-side facing up. Two steering 
pins on the jig are fitted to the holes in the hybrid substrate. Clamp the hybrid to the jig by putting on 
the metal bar and tighten the screws so the hybrid is fixed, as shown in                Figure 3 
Put the two graticules on the hybrids ground connectors as shown in Figure 4. Make sure that the 
graticules are mounted properly, and that they are approximately in the same plane as the hybrid. The 
quality of the measurements depend on that these graticules stay fixed during the procedure. 
Click the folder symbol, A, shown in Figure 2 to open the program called hybrid_sensor_r_3. Start the 
program by clicking the run symbol B, then press OK. The routine will measure a series of points on the 
sensor and hybrid with some interaction from the user.  
Use the joystick to focus and centre the measurement point before pressing the enter button to measure 
(see Figure 4). The joystick head can be rotated to focus on the sensor. Three light sources can be 
controlled by the joystick to give light from different angles. 
 
Figure 4: Mount the graticule on the ground connector on both sides of the hybrid (left). 
The joystick is used to move the camera over the hybrid and focus the image. Three 
separate knobs adjust the illumination from above, at an angle and from below. Use 
the Enter button so do a measurement. 
The program will be measuring 18 points. For each point the camera is driven to an approximate 
position, before the measurement is done manually. 
• First measure the two reference points. These are on the graticules, mounted as shown in figure 4 
(left), which contain holes in the metal foil as shown in Figure 5 (left). Focus and centre. 
• Measure the five sensor fiducials as shown in Figure 5 (right). Focus and centre. After the first 
measurement you are prompted to name the file. The naming convention is HybxxR or HybxxP for 
the R and Phi-side. Store the data in 
C:\My_Documents\ModuleSurvey\LHCb\Data\SensorOnHybrid. 
• Measure two points along the edge of the sensor. Focus on the sensor surface and centre on the edge 
as shown in Figure 6. 
• Measure five points on the silicon surface. These measurements should be automatic. If the auto-
focus fails, focus on the surface manually. 
• Measure four points on the hybrid. These measurements should be automatic. If the auto-focus fails, 
focus on the surface manually. 
Enter 
Graticule Light 
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Figure 5: The hole in the metal foil is used as reference points (left). A sensor fiducial 
mark is shown to the right. 
  
Figure 6: Measure the edge position by focusing on the sensor surface, and align the lines along 
the sensor edge 
Drive the camera away from the hybrid so it can be removed safely. Turn the hybrid around to the Phi-
side, and start the program hybrid_sensor_phi_3. Repeat the described procedure for the Phi-side.  
Note: On the Phi-side an additional auto-focus is implemented before each measurement, but you still 
have to focus manually. If the auto-focus fails you are prompted to focus manually. Just click the button 
and go on with the measurements. 
4. Uploading and analysing the data 
Transfer the files to a floppy and find a PC with network. Log on to the LHCb VELO database[5] and 
click on the Sensor metrology link. Upload the files and follow the links to see analysis of data. The 
relative offsets between the R and Phi sensors in X, Y are given as well as the relative rotation about the 
Z axis. The aim was to place the R-Phi silicon sensors to within 20µm in X and Y relative to each other. 
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5. Results  
The coordinate system (for ease) has been translated into the 
LHCb one. (See Figure 7).  The relative rotation angle is 
always calculated as Theta(Phi)-Theta(R). This determines the 
angular displacement of the Phi sensor with respect to the R 
sensor. A positive relative Vz means the Phi sensor is more 
clockwise displaced than the R sensor and a negative relative 
Vz means is is less clockwise (i.e. is anticlockwise) from the R 
sensor. This is irrespective of the module being R glued or Phi 
glued in the above co-ordinate system. i.e. if the R sensor is 
exactly lined up along the y axis, then a positive relative Vz 
mean the Phi sensor is rotated clockwise and a negative 
relative Vz means it is rotated anti-clockwise. The glue 
type (see Table 1) just determines the order of the sensor 
in the above view. For a Phi-glued module the Phi sensor 
is above the R and for an R-glued it is below the R. 
Below are the values obtained for the modules in production order. The vast majority are well within the 
20µm target for the relative alignment – see Figure 8. A few early modules (before the Mid Term 
Review) were over the target. However, the absolute position of the R sensor, important for the trigger, 
was always within the target 20 µm tolerance in x and up to 13 µm over tolerance in y. This was 
considered to be acceptable and they were therefore kept as production modules. The relative rotations 
between the silicon sensors about the z-axis (Vz) are plotted in Figure 9. In order to look for systematic 
misplacements the relative x and y displacements are plotted against each other – see Figure 10. In 
addition the angle of the displacement can be plotted against the relative rotation of the two sensors 
Figure 11. No obvious structure can be observed. 
The relative displacements can be histogrammed ( Figure 12 and Figure 13). Gaussian fits to these 
distributions show that both distributions are approximately centred on 0 microns displacement. The x 
distribution is wider with a width of about 5 microns compared to the y distribution 2 microns. A more 
detailed examination of the x-y distribution can be made through a 2D contour plot. This distribution 
can not easily be fitted to a 2D Gaussian. However the relative widths of the x and y distributions can be 
observed – and is dominated by x i.e. the net displacement of the sensors from each other has a width ~ 
5 microns. A plot of the displacement as a function of production sequence number is shown in  Figure 
15.  It is interesting to note that there is a systematic positive rotation of the phi sensors with respect to 
the r sensors of 40 µrad- see Figure 16. (No attempt was made to correct this as the effect was small.) 
Figure 7: Coordinate system for x-y used 
in text. 
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6. Summary 
The procedure for measuring the relative misalignment of the two sensors mounted onto a hybrid has 
been described. The data shows an improvement in the relative alignments during the production 
process. The relative displacement of the sensors is wider in local x (“along” the hybrid) than in local y 
(along the direction from the base towards the sensors).  The width of the displacement is approximately 
5 microns. A small systematic relative rotation of 40 µrad (corresponding to approximately 2 microns at 



























Figure 8: Plot of the x and y displacements between R and Phi sensors achieved.  
Sensor-Sensor Relative Rotation
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Figure 9: Plot of the relative rotations between the R and Phi sensors. 
Polar Plot



























Figure 10: Plot of the x (abscissa) v y(ordinate) displacement of the R and Phi sensors. The radial 
scale is in mm. 
Polar Plot




























Figure 11: Plot of the angle of the displacement (abscissa) v the relative rotation of the sensors 
(ordinate). The radial scale is in mR.  
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Histogram of x displacements
dx (mm)
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 mean = -0.001
 






Histogram of y displacements
dy(mm)











σ         = 0.002
  mean = 0.002
 
Figure 13: Histogram of relative y displacements of the sensors. 
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 Figure 15: Plot of total displacements achieved as a function of production number. 
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Histogram of relative rotation
relative rotation (mR)











σ         = 0.021
 mean = 0.040
 
Figure 16: histogram of the relative rotation between the r and phi sensors. 
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Appendix: Relative Displacement Data 
 






M23/H53 - R 23 -0.049 -0.02 0.051 
M24/H55 - R 24 -0.003 0.002 -0.017 
M27/H56 - Phi 27 -0.051 0.002 0.062 
M26/H60 - R 26 -0.012 0.005 -0.054 
M31/H64 - Phi 31 0.018 -0.024 0.027 
M37/H67 - R 37 -0.007 0.004 0.059 
M29/H68 - Phi 29 -0.003 -0.003 0.069 
M25/H69 - R 25 0.005 0.004 0.023 
M21/H70 - Phi 21 0.006 -0.005 0.034 
M28/H71 - Phi 28 0.006 0.002 0.057 
M33/H73 - Phi 33 -0.004 0.001 0.040 
M30/H78 - R 30 0.000 0.003 0.036 
M32/H79 - R 32 0.009 0.000 0.058 
M35/H82 - R 35 0.003 0.000 0.010 
M44/H83 - Phi 44 0.001 0.004 0.037 
M36/H84 - Phi 36 0.015 0.001 0.124 
M38/H85 - R 38 0.001 0.002 0.056 
M48/H87 - Phi 48 -0.002 0.000 -0.005 
M45/H88 - R 45 0.001 0.002 0.047 
M47/H89 - R 47 -0.004 -0.001 -0.014 
M42/H93 - R 42 -0.009 0.002 0.016 
M61/H94 - Phi 61 -0.004 -0.004 0.073 
M54/H95 - R 54 0.001 0.001 0.109 
M53/H96 - Phi 53 0.001 0.011 0.05 
M52/H97 - Phi 52 0.004 0.004 0.055 
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M58/H99 - R 58 -0.005 0.003 0.038 
M49/H101 - Phi 49 0.007 0.007 0.105 
M50/H104 - Phi 50 0.009 0.002 0.045 
M51/H105 - Phi 51 0.005 0.005 0.017 
M55/H106 - Phi 55 0.003 0.005 0.044 
M56/H107 - R 56 -0.002 0.002 0.104 
M59/H112 - R 59 -0.001 -0.006 0.040 
M62/H113 - R 62 -0.003 0.005 0.082 
M63/H114 - Phi 63 0.000 -0.008 0.019 
M64/H115 - R 64 -0.004 0.001 0.026 
M7/H116 - Phi 7 -0.003 0.004 -0.012 
M74/H118 - R 74 -0.001 0.003 0.015 
M71/H119 - Phi 71 -0.003 0.005 0.015 
M72/H120 - R 72 -0.007 -0.001 0.027 
M60/H121 - Phi 60 0.000 -0.005 0.046 
H122  0.000 0.002 0.025 
M73/H125 - Phi 73 0.005 0.003 0.053 
M75/H126 - Phi 75 -0.003 -0.006 0.007 
M4/H127 - R 4 0.001 0.007 0.050 
H129  -0.001 -0.001 0.067 
H130  -0.002 0.003 0.037 
H132  -0.003 -0.003 0.030 
M6/H134 - R 6 -0.004 -0.006 0.096 
M5/H135 - R 5 -0.001 -0.006 0.020 
Table 1: Data for the relative sensor displacements of modules, the Module type (-Phi or –R) 
determines which detector is on the “glued” side of the module. i.e for M5 (last module). This is 
glued on the R side. This means the phi detectors will be on the side that has the cooling blocks 
attached. 
